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• Ultrasound elastography uses tissue deformation to assess the relative quantification of its elasticity.
• Compression and duplex ultrasonography may be unable to correctly determine the thrombus age.
• Ultrasound elastography may be useful to distinguish between acute and chronic deep vein thrombosis.
• The exact determination of the thrombus age could have both therapeutic and prognostic implications.
Background. Background: Ultrasound elastography (UE) imaging is a novel sonographic technique that is commonly employed for relative quantification of tissue elasticity. Its applicability to venous thromboembolic events has not yet been fully established; in particular, it is unclear whether this technique may be useful in determining the age of deep vein thrombosis (DVT). Thus, the aim of this study was to assess the role of UE in distinguishing acute from chronic DVT. Methods: Consecutive patients with a first unprovoked acute and chronic (3 months old) DVT of the lower limbs were analyzed. Patients with recurrent DVT or with a suspected recurrence were excluded. The mean elasticity index (EI) values of acute and chronic popliteal and femoral vein thrombosis were compared. The accuracy of the EI in distinguishing acute from chronic DVT was also assessed by measuring the sensitivity, specificity, positive and negative predictive values, and likelihood ratios. Results: One-hundred and forty-nine patients (mean age 63.9 years, standard deviation 13.6; 73 males) with acute and chronic DVT were included. The mean EI of acute femoral DVT was higher than that of chronic femoral DVT (5.09 versus 2.46), and the mean EI of acute popliteal DVT was higher than that of chronic popliteal DVT (4.96 versus 2. 48 ). An EI value of > 4 resulted in a sensitivity of 98.9% (95% confidence interval [CI] 93.3-99.9), a specificity of 99.1% (95% CI 94.8-99.9), a positive predictive value of 91.1% (95% CI 77.9-97.1), a negative predictive value of 98.6% (95% CI 91.3-99.9), a positive likelihood ratio of 13.23 (95% CI 93-653) and a negative likelihood
Introduction
Compression ultrasonography (CUS) is a highly sensitive and specific investigation for the diagnosis of deep vein thrombosis (DVT) of the lower limbs [1] . This simple, reproducible and non-invasive method for the detection of vein thrombosis can usually be combined with both pulse and color Doppler in order to provide more detailed information about the characteristics of the assessed veins [2, 3] . Duplex ultrasonography, however, may be unable to correctly determine the thrombus age, and finally differentiate the acute clot from the chronic clot. A number of criteria, such as degree of occlusion, surface character, echogenicity and homogeneity of the thrombus, have been proposed for this purpose, but none of them seems to be reliable [4, 5] . In spite of this, the exact determination of thrombus age could have both therapeutic and prognostic implications, especially in patients with suspected thrombotic recurrence, as their signs and symptoms could be provoked by postthrombotic syndrome (PTS) rather than by a new acute thrombosis [6] . In this regard, ultrasound elastography (UE) imaging, which is a quite recent sonographic procedure that is typically used for the evaluation of tissue elasticity, appears to be promising [7] . Several studies have already demonstrated that UE is able to differentiate between diseased and normal tissue in a wide range of clinical applications [8] . However, its clinical value in the field of venous thromboembolism (VTE) is yet to be refined and confirmed. As suggested by a few in vitro, ex vivo and clinical studies, this technique seems to be helpful in broadly defining the biological age of a venous thrombus and the date of onset of thrombosis [9] . Thus, we performed a prospective, single-center, cohort study in patients with an acute first-ever unprovoked proximal DVT of the lower extremities and in patients with the persistence of residual vein thrombosis (RVT) 3 months after a prior single episode of unprovoked proximal DVT to assess whether UE can distinguish between acute and chronic lower-limb DVT.
Methods

Design of the study
This observational prospective study was conducted according to the Standards for Reporting of Diagnostic Accuracy Studies (STARD) initiative [10] to investigate the accuracy of UE in distinguishing acute from chronic DVT, and it was reported according to the Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) assessment [11] . The study protocol was approved by the local ethics committee, and written informed consent to participate was obtained from each participant. This study was registered at ClinicalTrials.gov as NCT02809638.
Participants were recruited among those referring to the Vascular Medicine Laboratory of Livorno (Italy) between August 2015 and December 2016.
All consecutive outpatients with an acute first unprovoked thrombosis of the femoral or popliteal veins, confirmed by CUS within 72 h from the onset of symptoms, or with a chronic RVT at the 3-month follow-up CUS after a single episode of unprovoked DVT, were considered to be potentially eligible for the study.
Because increasing evidence suggests that the regulatory mechanisms that control thrombus formation and subsequent resolution in patients with cancer are not completely understood [12, 13] , all of the provoked DVTs were excluded in order to avoid potential bias.
Other exclusion criteria were: isolated distal DVT, one or more previous VTEs, technical limitations regarding the ultrasound examination (mental disability, extreme agitation, or reduced mobility), predominant symptoms of pulmonary embolism, age < 18 years, pregnancy, life-expectancy of < 3 months, no RVT or RVT of < 2 mm at the 3-month follow-up, and refusal to give written informed consent.
All potentially eligible patients underwent an initial clinical evaluation including medical history, particularly for assessment of individuals' risk factors for VTE, and a D-dimer test, with the quantitative assay routinely available in the recruiting center. Demographic and clinical data were collected along with CUS and UE results in a case report form by an independent investigator, and submitted to a dedicated committee for statistical analysis.
The enrolled patients were classified as the 'acute group' according to the onset of signs and symptoms confirmed by CUS. Conversely, patients with a scheduled 3-month follow-up visit were classified as the 'chronic group'. Among the latter, those without exclusion criteria for this study were selected for the UE examination. Symptoms suggestive of recurrence or complications during anticoagulation therapy were specifically investigated.
For some patients referred to the center with a suspicion of acute DVT, the investigator also performed a CUS examination in order to confirm or exclude the DVT diagnosis. For patients who already had a DVT diagnosis from the emergency physicians, the opportunity to repeat a CUS examination or to send patients directly to a second blinded operator was left to the discretion of the investigator.
After enrollment, all patients underwent a CUS examination and an UE examination by a second operator, who was blinded to the clinical data and D-dimer testing of patients. All patients were explicitly instructed and encouraged to keep their medical history hidden when they were referred to the UE sonographer.
CUS and ultrasound elastography
Both CUS and UE (LOGIQ E9; GE Healthcare, Milwaukee, WI, USA) were performed by the same experienced sonographer, who was blinded to the clinical history of the patients. The operator had prior training and experience in acquiring UE data with the LOGIQ E9.
B-mode CUS imaging was performed on all subjects with a high-resolution linear probe (ML6-15 MHz). The examinations were performed and interpreted according to previously described methods [14, 15] . The settings for the ultrasound scanner were adjusted and standardized for all examinations. The common femoral vein (CFV) was examined first, with the patients laying supine. The popliteal vein was evaluated up to its trifurcation, with the patients in the prone position or in a lateral decubitus position. All compressions were performed with B-mode imaging with transverse views. Lumen compressibility was evaluated by the application of gentle pressure with the probe; the acute thrombus or RVT diameter was determined by measuring the distance between the anterior and posterior walls of the vein after compression, on freeze-frame. A copy of the CUS image was recorded for each vascular site.
After a thrombus had been detected and properly displayed, the UE module was activated, allowing the system to generate a color-coded elastogram, with stiff tissue areas colored red, intermediate tissue areas colored green, and soft tissue areas colored blue (Fig. 1) .
Repeated application of slight perpendicular compressions to the vein with the probe, or simply respiratory movements and tissue bounce caused by the nearby arteries, allowed the conventional B-mode image and the superimposed elastogram to be simultaneously displayed. The size of the elastogram box was set to be equal for all of the examinations. The correlation between the elastogram colors and the tissue stiffness was indicated by an elastography color bar (Fig. 1) . Any irregular manual pressure application was carefully avoided, and the assessment was repeated if the measure appeared to be inadequate for the study purpose. A quality bar indicator integrated into the software was monitored to evaluate technical accuracy during the examination.
Stiffness was assessed by use of the elasticity index (EI), a unit-less scale representing the relative strain value (Fig. 2) . After vein compression, with meticulous exclusion of the vessel wall, a region of interest (ROI) was manually drawn along the borders of the acute or chronic thrombi. A visual evaluation of the EI, corresponding to an absolute value between 0 (hardest) and 6 (softest), was obtained on real-time images (Fig. 2) . All of the UE assessments were filtered to provide a smooth presentation when they were displayed. After positioning of the ROI, the B-mode image, the color-coded UE image and a graph providing a dynamic evaluation of the EI, with arbitrary units on the y-axis and time (s) on the x-axis, were displayed at the same time. The more the line representing the EI over time was horizontally depicted, the less noisy was the analysis and the more homogeneous was the applied pressure. A clip of at least 5 s was recorded for the semiquantitative analysis in postprocessing. All UE evaluations and acquisitions were sequentially repeated three times for each examined thrombus. The least clear lines were deleted. All data were stored on a personal computer.
In the offline processing analysis, the EI value related to each examined thrombus was achieved by averaging seven different assessments randomly selected over time during each acquisition, and ultimately by averaging the three resulting values obtained in three sequential assessments.
Statistical analysis
As there are only sparse data on the accuracy of UE in the diagnosis of acute or chronic DVT, a formal calculation of the study sample could not be performed. Thus, a convenience sample of at least 130 patients was chosen overall. This was estimated on the basis of the diagnoses of DVT by the recruiting center in the 12 months preceding the study period, with consideration of the inclusion and exclusion criteria of the study. Continuous variables were expressed as mean plus or minus the standard deviation (SD), or as median with minimum and maximum values when data did not have a normal distribution; categorical data are given as counts and percentages. A two-tailed P-value of < 0.05 indicated statistical significance. Pearson's correlation coefficient was used to examine the relationship between the elasticity parameter and age, sex, and thrombus location. The mean EI values of acute and chronic popliteal and femoral vein thrombi were compared by the use of Student's t-test. Furthermore, the diagnostic accuracy of UE and of Ddimer values was assessed from the receiver operating characteristic (ROC) curves and the area under the curve (AUC). The ROC curve analyses were also used to determine the optimal diagnostic cut-off value for the EI. The corresponding sensitivity, specificity, positive and negative predictive values and likelihood ratios (LRs) with their 95% confidence intervals (CIs) were calculated. To evaluate the repeatability of the assessments, the mean percentage of variability among different measurements was calculated.
Statistical analyses were performed with SPSS 19.0 (SPSS, Chicago, IL, USA).
Results
Between August 2015 and December 2016, we prospectively evaluated all consecutive outpatients with a first unprovoked proximal DVT of the lower limbs referred to the Vascular Medicine Laboratory of Livorno (Italy) and those having a previous diagnosis of DVT for the scheduled 3-month follow-up examination.
Among 1063 subjects screened, 850 were not affected by DVT, nine did not meet the eligibility criteria, 22 refused to participate, seven were excluded because of failure of UE acquisition, and 23 did not have RVT or had RVT of < 2 mm at the 3-month follow-up. The remaining 149 patients (mean age 63.9 years, SD 13.6; 73 males) were enrolled in the study (Fig. 3 ). Among these, 14 patients were evaluated both in the acute phase and at the 3-month follow-up, 59 patients were evaluated only in the acute phase, and 76 patients were evaluated only at the 3-month follow-up visit. In the chronic group, none of the patients had new symptoms or signs of acute DVT at the time of UE assessments.
Overall, a femoral-popliteal DVT was found in 52 patients, whereas a popliteal DVT and a thrombosis involving solely the femoral vein were found, respectively, in 64 and 33 patients.
The baseline characteristics of the studied population are shown in Table 1 . There were more males in the acute group than in the chronic group, but this difference was not statistically significant (58.1% versus 44.3%, Fig. 2 . Visual evaluation of the elasticity index, corresponding to an absolute value between 0 (hardest) and 6 (softest). [Color figure can be viewed at wileyonlinelibrary.com] P = 0.08). In the acute group, 20.5% of patients had isolated femoral DVT, 40.9% had isolated popliteal DVT, and 38.6% had femoral-popliteal DVT; in the chronic group, these percentages were 20.3%, 52.7%, and 27.0%, respectively (P = 0.24). The mean ages of patients in the acute group and the chronic group were similar (64.2 versus 63.2 years, P = 0.65).
As 52 patients had a DVT involving both the femoral and popliteal veins, all of the affected veins were counted in the UE analysis. A total of 215 thrombi were examined; 94 acute (35 femoral and 59 popliteal) and 121 chronic (50 femoral and 71 popliteal) thrombi were analyzed (Table 1) .
In the semiquantitative analysis, the acute thrombi showed similar elastic properties, with mean EIs of 5.09 AE 0.38 for the femoral clots and 4.96 AE 0.47 for the popliteal clots (P = 0.15) (Fig. 4) . The chronic thrombi showed lower EIs, with mean values of 2.46 AE 0.66 for the femoral clots and 2.48 AE 0.59 for the popliteal clots (P = 0.81) (Fig. 5) . The difference between the acute group and the chronic group was highly significant (P < 0.0001).
Age, sex and thrombus location did not significantly affect the EI value.
As the acute thrombi showed comparable strain characteristics regardless of the affected vein, all of the clot samples were analyzed together to evaluate the discriminatory power of the EI, expressed as the area under the ROC curve, in differentiating acute thrombi from chronic thrombi (AUC 0.999; 95% CI 0.998, 1.000) (Fig. 6) . According to the ROC curve results and the manufacturer's suggestions, an EI value of 4 was chosen arbitrarily as a cut-off. It had a sensitivity of 98.9% (95% CI 93.3-99.9), a specificity of 99.1% (95% CI 94.8-99.9), a positive predictive value of 98.9% (95% CI 93.3-99.9), a negative predictive value of 99.1% (95% CI 94.8-99.9), a positive LR of 93 (95% CI 13-653) and a negative LR of 0.008 (95% CI 0.001-0.05) for acute DVT.
We obtained similar results when the population was divided into specific subgroups according to the affected vein (femoral or popliteal). Furthermore, the D-dimer diagnostic accuracy in the examined population was also calculated. When the accuracies of UE and of D-dimer were compared, they were found to be very similar to each other (Table 2 ).
Discussion
Elastography-based imaging techniques enable non-invasive assessments of tissue stiffness in response to an applied mechanical force, by detecting differences in the biomechanical properties of normal and diseased tissues [16] . This emerging technology was reported in the early 1990s to improve the diagnostic value of ultrasonic imaging [17] , and it has been further developed and refined in recent years [18] [19] [20] [21] . Ultrasound-based methods are particularly fascinating because of their wide accessibility and their notable diagnostic role, especially in evaluating cancerous diseases [22] . Several UE modalities have been investigated in various clinical settings and are currently available for clinical use [23] . In general, these technical approaches are classified, depending on the stimuli, into strain imaging methods, based on internal or external compression, and shear wave imaging methods, based on ultrasound-generated traveling shear waves [24] .
With regard to VTE, only a few and quite often small studies, performed mostly with different approaches, have explored the diagnostic potential of UE in distinguishing [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Indeed, leaving aside experimental investigations using animal models [41] , with regard to human clinical studies Rubin et al. preliminarily studied a patient with a 3-year-old chronic clot and a patient with a subacute 25-day-old clot. The strain magnitude of the chronic thrombus was at least 10 times lower than that in the vessel wall, whereas the strain of the subacute thrombus was three to four times greater than that in the vessel wall [26] . Therefore, in a larger study involving 23 patients with acute DVT (mean age: 5.7 days) and 23 patients with chronic DVT (> 8 months) [30] , they found a significant statistical difference between the median normalized strain magnitudes of the acute and chronic clots (2.75 versus 0.94). Paluch et al. assessed the thrombus age in 31 patients with saphenous vein insufficiency treated with sclerotherapy. The majority of thrombi showed predominant red and green areas on the sixth day after treatment, and predominant blue colors on the 14th day [37] . In a prospective study including 127 patients with DVT, the investigators confirmed the ability of UE to measure differences in clot age. The strain ratios of the chronic thrombosis group (≥ 6 months) and the subacute thrombosis group (ranging from 2 weeks to 6 months) were higher than that of the acute (within 14 days) thrombosis group (P < 0.001, P < 0.05). Moreover, differences in color maps were detected among the three subgroups [38] . On the other hand, Pan et al. failed to demonstrate the diagnostic value of two-dimensional UE for staging CFV thrombi in 194 patients categorized into three groups according to DVT duration [35] . Furthermore, more recently, in a study enrolling 30 patients with acute DVT and 19 patients with subacute DVT [40] , the elastography pattern on real-time UE seemed unable to differentiate acute DVT from subacute DVT (P = 0.202).
In our study, we evaluated a fair number of thrombi, selecting patients with unprovoked DVT to avoid confounding factors attributable to underlying diseases such as cancer or inflammatory diseases [12, 13] . By measuring tissue strain induced by a light compression force, we were able to derive the stiffness of thrombi of different ages. Acute clots underwent less strain (deformation) and showed a higher EI than chronic clots. In agreement with previously described investigations [42, 43] , we also demonstrated that simply the assessment of a single and basic UE parameter such as the EI could almost perfectly discriminate an acute DVT from a chronic DVT. The diagnostic accuracy of this value was nearly comparable to the accuracy of the D-dimer assay tested in this population. Unlike what is found in an unselected population, in our patients, all of whom were affected by DVT, both the sensitivity and the specificity of the D-dimer test were, as expected, very high. These findings allowed for comparison of the diagnostic accuracy of the D-dimer test with that of UE. Indeed, the rationale for including the D-dimer test in the study was to obtain further confirmation of the recent onset of thrombosis in the acute group of patients. On the other hand, in the chronic group, a negative result mostly allowed the exclusion of a recent recurrence under anticoagulant therapy when considered together with the patient's clinical history.
Furthermore, we performed a brief qualitative analysis, whose results were perfectly in line with the semiquantitative analysis findings, although they seemed to be slightly in contrast with those of previous DVT studies showing an inverted pattern of colors in acute and chronic thrombi [30, 37, 38] . Despite these aspects, which need to be further and thoroughly investigated, we were able to demonstrate a largely significant difference between acute and chronic thrombi by simply evaluating a UE parameter that is readily achievable on real-time imaging during a conventional CUS examination. This intriguing finding, if further and properly confirmed, could have several clinical implications. Indeed, in day-to-day clinical practice, the diagnostic management of ipsilateral recurrent DVT may be challenging, as RVT was still detectable in a large proportion of DVT patients after 3 months and 6 months of anticoagulation [44, 45] , and was independently associated with recurrent VTE when detected early (3 months) after thrombosis [46] . The differentiation between residual and recurrent thrombosis can be difficult, especially if the results of previous examinations are not available or different operators perform the CUS follow-up assessments [47] [48] [49] [50] [51] [52] . Furthermore, as well as in patients with RVT, even in subjects with PTS [53] or presenting symptoms during and despite anticoagulant treatment, correctly and unquestionably determining the thrombus age could have important therapeutic consequences. Moreover, this imaging technique could be useful for assessing the probability of complete thrombus resolution, and therefore for identifying patients with a higher risk of partial vein recanalization and recurrent DVT.
Our study has some limitations. First, it was conducted on a single-center basis by a sole physician performing the UE assessments. However, several strategies were used to minimize the risk of bias: the protocol of blinding was rigidly respected; the sonographer was highly experienced; and patients were enrolled consecutively and prospectively. Second, blinding measures might be suboptimal in this study, as a number of clinical and echographic features (e.g. leg diameters, pain, degree of vein occlusion, and echogenicity) could potentially orientate the operator to recognize patients as being affected by an acute or chronic DVT. Nevertheless, none of these criteria are recognized as being sufficient to classify a DVT as acute or chronic.
Third, the qualitative analysis, based on image interpretation, was rather unrefined because the semiquantitative analysis was considered to be a less observer-dependent and, ultimately, a more objective method. On the other hand, the EI cut-off was arbitrarily selected without any standardization, so it might be overestimated and not directly applicable to dissimilar populations or to patients assessed with other commercial system designs and settings. Additional clinical studies are needed to improve the solidity and quantitative usefulness of this value in this setting. Fourth, we did not evaluate consecutive patients with suspected recurrent DVT or suffering from PTS, limiting our analysis to patients with a recent DVT and to those with a 3-month-diagnosed DVT, so our results cannot be directly translated to patients with different clinical profiles. However, to the best of our knowledge, up to now no studies have been conducted to assess UE accuracy in diagnosing an acute DVT in a post-thrombotic limb. Finally, we chose to select only patient events classified as unprovoked, although the exclusion of provoked events may reduce the external validity of our results.
Despite all of these limitations, our preliminary findings suggest that elasticity imaging by UE has important potential in the vascular setting, providing complementary information concerning thrombus age by adding stiffness as another measurable property to conventional ultrasound imaging techniques. Indeed, UE acquisition is a quite simple and rapid procedure, as it takes only a few minutes more than a simple CUS examination. In terms of time required, it could be compared with the assessment of color Doppler and pulsed Doppler during a complete ultrasound examination.
Furthermore, rigorously designed and adequately powered studies are clearly needed to assess the diagnostic and prognostic accuracy of UE, to determine the most appropriate cut-off points of strain or velocity indexes in different systems, and finally to assess the test performance across DVTs of different ages. For instance, a multicenter cohort study involving patients with suspected recurrence of DVT other than patients with provoked events may be conducted in the near future and be useful for clarifying some of these issues.
Future perspectives
The improvement of current UE procedures, to address technical limitations and potential pitfalls, as well as further technique standardization and validation allowing comparison and reproducibility of results between different studies or commercial systems, should be pursued. If the evidence required for implementation of this emerging imaging technology in routine vascular clinical practice is provided, UE will probably improve the accuracy of the algorithms for suspected recurrent VTE in the coming years. Dentali were responsible for critical revision of the manuscript for important intellectual content. All authors had full access to the data and take responsibility for the accuracy of the data analysis.
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